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ABSTRACT

This work investigates the development of photopolymerization-induced phase separation (PhIPS) in methacrylate-based pho-
topolymers. Bisphenol A ethoxylated dimethacrylate (BisSEMA) was copolymerized with urethane-based diacrylate diluted in
isobornyl acrylate (UI) under UV irradiation, using diphenyl-(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) as a photoiniti-
ator. Optical changes in the cured copolymers were monitored in real time with a custom setup. NIR-photorheometry, photo-

differential scanning calorimetry, dynamic mechanical analysis, scanning electron microscopy, and atomic force microscopy

in both topography and phase imaging modes were employed to characterize the PhIPS effect on network development and

microstructure. The correlation between the microstructure of copolymers with varying BiSEMA/UI ratios and their bulk prop-
erties was studied through tensile and dynstat impact tests. Results showed that up to 20% UI enhances the elongation at break
of BisSEMA without compromising strength. At higher monomer/oligomer ratios, phase separation led to a strength-ductility
trade-off. The study also addresses the influence of AFM sample preparation on correlating phase imaging results to the local

stiffness distribution.

1 | Introduction

Material processing through lithography-based additive man-
ufacturing (AM) relies on photopolymerization reactions to
transform liquid formulations into precisely defined three di-
mensional structures [1-3]. The majority of these formulations
utilize (meth)acrylate-based monomers due to their high reac-
tivity and rapid ambient curing, proper mechanical properties,
and biocompatibility [4-6]. The structural diversity of available
(meth)acrylate-based monomers and oligomers, combined with
the high precision offered by stereolithographic techniques,
makes these systems attractive for a variety of applications [7].

Multifunctional (meth)acrylate-based monomers actively
participate in light-initiated chain growth polymerization
and form crosslinked polymer networks. Other monomers,
including reactive diluents and oligomers, are commonly in-
corporated for adjusting mechanical behavior and facilitating
processing [6]. The microstructure of the resulting polymer,
which dictates its performance, is modulated by the inter-
actions among these components [8]. Such interactions may
also lead to photopolymerization-induced phase separation
(PhIPS), wherein marginal incompatibility of reacting species
leads to the formation of distinct domains with contrasting
mechanical and optical properties [9]. The morphology and
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mechanical contrast of resulting domains significantly affect
the overall performance and appearance of the polymer, mak-
ing PhIPS a critical chemical tool in photopolymer-related
technologies [10-14]. PhIPS has thereby been employed in the
formation of polymer-dispersed liquid crystals [15, 16], elec-
trically conducting photopolymers [10], perforating films [17],
3D printed multicomponent glasses [18], biomimicking [19],
shape memory [20], and controlling the nanostructure of 3D
printed polymers [21].

More importantly, by introducing heterogeneity, PhIPS can en-
hance the fracture toughness and ductility of photopolymers
[22, 23]. This strategy reflects the toughening mechanisms ob-
served in heterogeneous engineering thermoplastics (e.g., ABS
and SBS), composites, and high-strength biomaterials (nacre,
bone, teeth, etc.) wherein the appropriate combination of soft
and hard phases allows for a compromise between the chal-
lenged strength and ductility [24-26].

A clear understanding of how PhIPS can tune the mechanical
performance of photopolymers relies on its thorough character-
ization. This study therefore investigates the evolution of PhIPS
in a phase-separable system and correlates the resulting mi-
crostructures with changes in thermomechanical and fracture
behavior.

Phase-separated morphologies are influenced by several
formulation and processing parameters. Among these, the
monomer composition ratio plays a critical role, as variations
in functionality and molecular weight affect both the chemi-
cal incompatibility and polymerization kinetics [27]. A high
crosslinking rate accelerates gelation, which can arrest the de-
velopment of PhIPS to a large extent. Therefore, strategies that
delay gelation, such as adjusting the photoinitiator concentra-
tion, irradiation intensity, curing temperature, and incorpo-
rating chain transfer agents are commonly used to promote
or control phase separation [13, 28-32]. Thorough characteri-
zation of PhIPS is hence essential not only for controlling the
morphology but also for elucidating the structure—property
relationships [33-35].

In this work, we designed a methacrylate-based system con-
ceptually inspired by the multiphase structure of acryloni-
trile butadiene styrene (ABS), a material widely known for its
balance of stiffness, strength, and ductility, but not typically
achievable in photopolymer networks [36]. Bisphenol A ethox-
ylated dimethacrylate (BisSEMA) monomers, commonly used in
restorative dental composites, were chosen to represent the rigid
phase, while an aliphatic urethane diacrylate oligomer (UDA)
diluted in isobornyl acrylate (IBOA)—hereafter referred to as
Ul—was selected for its flexible, rubbery-like character. The en-
tire system's polymerization was triggered by the photoinitiator
diphenyl-(2,4,6-trimethylbenzoyl) phosphine oxide (TPO). The
evolution of PhIPS within the polymerizing system was charac-
terized using real-time turbidity measurements and atomic force
microscopy (AFM), with the latter providing unique insights
into the contrast in rigidity between phases. Photo-differential
scanning calorimetry (photo-DSC) and dynamic mechanical
analysis (DMA) were employed to investigate the thermome-
chanical properties, while tensile and impact tests provided
further understanding of the corresponding mechanical perfor-
mance of resulting photopolymer specimens.

2 | Experimental Section
2.1 | Materials

Table 1 shows the composition of formulations used in this
study. The chemical structure of each component is shown in
Figure 1.

2.2 | Methods

To formulate the photopolymers, a high-speed mixer was em-
ployed to stir the formulations vigorously at a rotational speed
of 3500rpm for 10min. To eliminate entrapped air from the for-
mulations, each formulation was subjected to a degassing proce-
dure in a vacuum chamber for approximately 10 min. Degassed
formulations were then transferred into transparent sample

TABLE1 | Formulation and chemical structure of the used materials. BISEM A was formulated with varying amounts of a commercially available

mixture of UDA/IBOA at a fixed ratio of 40/60 (w/w), used as received.

Molecular Refractive
Amount weight index at
Component Chemical structure [wt.%] [g/mol] 25°C Supplier  Batch no. Function
BisEMA Bisphenol A ethoxylate 50-100 496 1.5364 Sartomer SR348C Crosslinker
dimethacrylate (difunctional
monomer)
UDA Urethane diacrylate 0-50 30,000 1.477 Miwon UA5216 Toughener
(difunctional
monomer)
IBOA Isobornyl acrylate 208.3 Reactive diluent
(monofunctional
monomer)
TPO Diphenyl 1 — — Lambson 20,190,151  Norrish Type 1
(2,4,6-trimethylbenzoyl) (Sartomer) photoinitiator
phosphine oxide
20f18 Journal of Applied Polymer Science, 2025
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FIGURE1 |

Chemical structure of BISEMA, UDA, IBOA, and TPO. For the urethane diacrylate (UDA), the R groups typically represent a flexible

polyether or polyester diol residue (R,), aliphatic diisocyanate residue contributing to UV stability (R,), and a hydroxyalkyl acrylate spacer (R,). The
exact chemical composition is not disclosed by the supplier. [Color figure can be viewed at wileyonlinelibrary.com]

vials and left undisturbed in a UV-isolated environment over-
night to ensure proper uniformity before curing. Following the
resting period, the formulations were transferred into a trans-
parent silicone mold, meticulously designed to shape resins
according to the geometries dictated by the corresponding stan-
dards for mechanical tests, including tensile, impact, and DMA
tests. To counteract the negative effects of oxygen inhibition on
polymerization efficiency, the formulations were covered with
non-adhesive transparent fluorinated ethylene propylene films,
which effectively shield the formulation from contact with at-
mospheric oxygen during the photopolymerization process.

The curing process was conducted in a UV chamber (UViTRON
Intelliray 600), equipped with a metal halide-type lamp de-
signed to emit light within the wavelength range of 320-390 nm.
All formulations were cured at an intensity of 57mW cm~2 for
120s. Thereafter, specimens were submerged in isopropanol and
sonicated for 10min to ensure complete removal of any sticky
residues from their surfaces.

2.2.1 | Real-Time Transparency Monitoring

To accurately monitor and quantify the transparency of formu-
lations during the photopolymerization, a customized transpar-
ency monitoring setup was developed (Figure 2a,b).

A few milliliters of the formulation were deposited between two
glass slides separated by a 200-pum spacer and positioned per-
pendicular to the path of the red light. The red light continu-
ally traveled toward the detector without interacting with the
material. To establish a reference point, the initial receiving
intensity (in voltage) of the red light was denifed as represent-
ing 100% transparency. Real-time transparency monitoring was
then conducted via red light intensity tracking upon activation
of the UV light source (wavelength range: 320-390 nm, applied
intensity; 28 mW cm~2), which is delivered to the formulation
via reflection by the dichroic mirror to initiate the polymeriza-
tion. The evolving change in transparency driven by phase sep-
aration was recorded in real time via the Arduino program as
the intensity of the red light reaching the detector underwent
continuous changes. The resulting transparency-time curves

provide diagnostic data including the phase separation onset, its
duration, and ultimate transparency (Figure 2c). The phase sep-
aration onset was thereby operationally defined as the point at
which transparency decreased to 98% from the initial transpar-
ency plateau [22]. Moreover, the PhIPS duration was calculated
by determining the time point at which the transparency began
to remain constant. The corresponding transparency value was
taken as a measure of the ultimate transparency.

2.2.2 | Photorheology

Photorheology complements a standard rheology setup with the
possibility to irradiate the measured formulation through the
transparent bottom plate to observe rheological changes of stor-
age and loss modulus during curing. Simultaneously, the con-
version is measured by infrared (IR) spectroscopy. A detailed
description of the setup is given in [37].

For the presented measurements, a parallel plate rheology stamp
with a diameter of 25mm was used with a gap size of 0.2mm.
Approximately 140uL of the formulations were transferred
onto the UV-transparent bottom plate of the rheometer using an
Eppendorf pipette. The plate had been previously covered with
polyethylene tape. The samples were irradiated with a filtered
Hg lamp (Omnicure) with a wavelength range of 320-500nm.
The irradiation time was set to 300s with a light intensity of
28 mW cm~2. NIR data were evaluated by performing a baseline
correction on the data set (concave rubber band method, 10 itera-
tions), followed by integrating the curve from 6228 to 6100cm™.

2.2.3 | Photo-Differential Scanning Calorimetry
(Photo-DSC)

Photo-DSC monitors evolving heat during the photopolymer-
ization as a measure for reactivity [38]. For this purpose, the
formulation in the DSC crucible is irradiated twice through a
transparent coverslip. While the first irradiation period indi-
cates the sum of heat flows of the photopolymerization reaction
and the heat evolving through irradiation, the second irradia-
tion period is conducted when the photopolymerization reaction

30f18
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FIGURE2 | Closed system designed for monitoring the PhIPS in initially transparent formulations: (a) an overview of the setup, (b) cross section

of the system, and (c) a schematic of the transparency changes over time. [Color figure can be viewed at wileyonlinelibrary.com]

has subsided and hence only indicates the heat flow resulting
from the irradiation heat. By deducting the second measure-
ment from the first, the pure heat of photopolymerization is ob-
tained as the peak area (AH}). Additionally, the time until the
maximum heat evolution is reached (¢,,,,,) and the time until 95%
conversion is reached (f,;) can be determined as measures for
reactivity (Figure 3).

From the theoretical heat of polymerization (A H, p), which is
56 kJmol~! for methacrylates [39] and 80.5kJmol~! for acry-
lates [40], the double bond conversion (%) can be deduced using
Equation (1):

pac= M.

= AH,, @
For the presented measurements, 10-15mg of the formulation
was accurately weighed into an aluminum DSC crucible and
covered with a glass coverslip. A light source with a wavelength
range of 320-500nm and an intensity of 27-28 mW cm= was
used to irradiate the sample. Irradiation started after 60s and
the sample was irradiated for 300s. A second analogous irra-
diation period was performed, and the measurements were
subtracted from each other to achieve the previously described
baseline correction.

X
<

1

1

1

Peak Area (J g'') x DBC (%)
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tmax tes  Time (s)

FIGURE 3 | The variation of DSC signal (mW mg™') over time (sec-

onds). Key parameters such as height (h), onset time (¢_. ), and end

max:
time can be identified from the curve. [Color figure can be viewed at

wileyonlinelibrary.com]
2.2.4 | Dynamic Mechanical Analysis

DMA was employed to study structural heterogeneities via
the thermomechanical behavior of resulting bulk polymer
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specimens. The measurements were conducted using the DMA
device Q800 (TA Instruments, DE, USA), and the accompany-
ing testing software Trios, (TA Instruments, DE, USA).

For the 3-point bending mode DMA, rectangular prism samples in
the size of 20 x 2 x 2 mm?3 were subjected to a constant frequency of
1Hz and an amplitude of 20um for all samples, which were pre-
loaded with a force of 0.1N during temperature variation ranging
from —50°C to 200°C. The samples were initially cooled to —50°C
using liquid nitrogen and maintained at this temperature for 5min
to ensure a uniform temperature distribution. Subsequently, the
samples were heated to 200°C at a controlled heating rate of 3°C
min~. The value of tan & and its corresponding temperature were
taken as representatives of damping behavior and T, respectively.
Moreover, the network irregularity of different BiSEMA/UDA
compositions was studied. This value was obtained from the full
width at half maximum (FWHM) of the tan § peak.

2.2.5 | Scanning Electron Microscopy

The representation of fracture surfaces, down to the nanometer
range, is achieved using a scanning electron microscope (SEM)
(Zeiss EVO 10) equipped with a tungsten hairpin cathode for
electron emission. Samples were coated with gold by sputter-
ing for 1 min at a distance of 4cm from the cathode in a vacuum.
Electron emission was achieved from the cathode at accelera-
tion voltages of up to 30kV, and was subsequently focused onto
a specific point on the sample via magnetic lenses. Different
electron-surface interactions result in surface imaging by
means of detected secondary electrons and backscattered elec-
trons, among others. For optimal imaging, a working distance of
8.5mm from the electron beam exit to the sample surface should
be maintained. Deviations above or below this distance make it
extremely difficult to achieve focused images.

2.2.6 | Atomic Force Microscopy

Microstructure characterization was performed using AFM in
tapping mode through a Park Systems XE7 (Korea). Topography
and phase imaging channels were recorded, and the resulting
data were then analyzed using the built-in XEI data process-
ing tool.

Before imaging, a portion of the fractured tensile test speci-
mens was sonicated in isopropanol to remove any sticky resi-
dues that could interfere with the cantilever's tapping motion.

The samples were then immobilized on a metallic base using
sand paste.

The fracture surfaces were scanned over an area of 20 X 20 um?.
For phase imaging, smoother areas within these images, sized
2x2um?, were selected and scanned. The resolution of the
scanned area was 256 X 256 pixels, with a scan rate of 0.7 Hz. The
cantilever used (AC160TS Olympus) featured a tetrahedral sili-
con tip with an approximate tip radius of 7nm, a spring constant
of 26N'm™!, and a free resonance frequency close to 300k Hz.

2.2.6.1 | Surface Preparation Techniques. To evaluate
the effect of sample preparation on the quality of phase imag-
ing, the fracture surfaces were further subjected to polishing
and ultramicrotomy.

2.2.6.1.1 | Polishing and Grinding. The fracture surfaces
were further subjected to polishing and ultramicrotomy to eval-
uate the effect of sample preparation on the quality of phase
imaging. Polishing was performed using a Tegramin-30 polish-
ing machine from Struers (Denmark) with a downward force
of 10N at 150rpm. Initially, the fracture surfaces were sanded
down to an even surface using a rough plate in the presence
of water. This was followed by polishing with a 3 um diamond
paste and DP-lubricant blue (Struers) for 10 min. After polishing,
the samples were sonicated in isopropanol for 5min.

2.2.6.1.2 | Cryo-ultramicrotomy. Smooth cross sections
of the samples were also prepared using cryo-ultramicrotomy
with the mentioned parameters in Table 2. An initial trimming
step was performed using a Diatome CT 620 trimming knife to
reduce the sample size, bringing the width to less than 1 mm
and the length to less than 2mm. This was necessary because
the cut surface of the samples was too large for uniform section-
ing. This preliminary trimming offers the advantage of mini-
mizing excessive cutting forces, thereby enhancing the cutting
quality. Subsequently, the surface of the pre-trimmed samples
was removed via cryo-ultramicrotomy employing the Diatome
MA 1063 diamond knife. Optimal cutting parameters were
determined for the specific material characteristics, resulting
in the cutting of brittle samples at lower temperatures and duc-
tile samples at relatively higher sub-zero temperatures. The
maximum allowable cutting speed is constrained to 1mms™
by the knife manufacturer and further limited by the RMC
ultramicrotome PowerTome PT-PC to 0.lmms~'. Addition-
ally, the manufacturer specifies a knife angle of 6°. Adjustable
parameters for microtomy were confined to four main vari-
ables: knife temperature, sample temperature, cutting speed in

TABLE 2 | Applied ultramicrotome parameters to the individual BisSEMA/UI photopolymer's composition at knife angle 6°.

Sample Cutting thickness Feed speed
BisEMA/UI ratio Knife temperature (°C) temperature (°C) (nm) (mms1)
100:00 -20 -20 60 0.2
90:10 —-80 -80 350 0.8
80:20 —-80 -80 300 0.8
70:30 -100 -100 450 0.6
50:50 -100 -100 250 0.6
50f18
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the range of 0.1-1mms~, and feed thickness. After sectioning
the samples using the cryo-ultramicrotome, they were subjected
to ultrasonic cleaning in a bath containing ethanol for 5min at
a frequency of 35kHz. This procedure was aimed at eliminating
contaminants and unreacted monomers, which can interrupt
the course of AFM imaging.

2.2.6.2 | Data Analysis. From topography imaging, aver-
age roughness (R,) and peak-to-valley roughness (R,) were
calculated by the built-in software. Moreover, horizontal pro-
file line analysis was performed to provide initial insights into
the extent of irregularities on the fracture surface. Phase imag-
ing visualized the relative cantilever damping after tapping
the surface. The resulting image and the generated histogram
were used to study phase contrasts, specifically the phase lag
of the cantilever's oscillation relative to the initial signal applied
to the cantilever's piezo driver.

2.2.7 | Tensile Test

Tensile tests were conducted on three specimens of each formu-
lation to evaluate the response of the photopolymer to gradually
applied stress. The tests were performed using a Zwick Z050
tensile testing machine (Germany), following the guidelines
outlined in ISO 527-1. The specimens were prepared in 5B geom-
etry and subjected to a constant stretching rate of 1 mmmin~ to
ensure gradual and controlled deformation. Young's modulus,
tensile strength, and elongation at break were obtained from the
results of these measurements.

2.2.8 | Dynstat Impact Test

Eight unnotched Dynstat specimens typically sized
15x10x4mm (thickness x width X height) were prepared for
testing. These specimens were fixed vertically between two
thrust blocks and subjected to an impact of a 1J hammer. The
impact strength (a,) was calculated by measuring the height
reached by the pendulum after releasing it from the starting
point and successfully breaking the specimen by using this
formula:

E
Q= TC 10° )

where the impact strength a; (kJ m~2) becomes related to the
absorbed energy E (J) to fracture the specimen. d and b represent
the thickness and width of the specimen in mm, respectively.

3 | Results and Discussion

Proper characterization of PhIPS in multicomponent methacry-
late systems requires a profound understanding of their network
development. Photopolymerization of multifunctional methac-
rylate monomers initiates through crosslinking upon cleavage
of photoinitiator molecules sensitive to specific wavelengths
of light. The resulting crosslinked networks exhibit varying
degrees of crosslinking density due to the rapid reaction rates,
irregular spatial chain propagation, and physical intersegment

interactions [41]. Within these networks, segments of polymer
chains that fold back on themselves and form loops, the inter-
penetration of polymer chains that make entanglements, and
pendant groups attached to the polymer backbone all contrib-
ute to a broad distribution of crosslinked domain sizes [5]. In
multicomponent methacrylate systems, network development is
more complex due to the simultaneous polymerization of mono-
mers with different reactivities and compatibilities [42]. While
thermodynamics may favor the formation of separated phases
in such systems, early gelation—resulting from rapid and ex-
tensive crosslinking—minimizes diffusion and stabilizes the
developing network despite potential thermodynamic instabil-
ity [43]. Early gelation also plays a crucial role in the evolution
of shrinkage stresses, which are caused by the volume decrease
essentially due to the transformation of Van der Waals distances
between monomers in the uncured state to covalent bond dis-
tances in the cured solid state [22, 37, 44]. Adopting systems
highly susceptible to phase separation as well as delaying the
gel point are among the factors that contribute to higher PhIPS
levels [31, 45-47].

The phase-separated photopolymer may accordingly appear
translucent or opaque when the formed domains are big enough
to refract visible light [48]. Phase-separated photopolymers may
exhibit varying levels of translucency or opacity depending on
the size of the domains that refract visible light. Accurate char-
acterization of PhIPS in methacrylate systems, however, ne-
cessitates using additional techniques such as AFM and DMA,
which are discussed in the following.

3.1 | Development of Phase Separation in
BisEMA-UI Formulations

The prepared formulations in BiSEMA/UI systems initially ap-
peared clear and homogeneous when stored in glass vials for
48 h. However, noticeable optical changes were observed in their
copolymerized forms (Figure 4 left). The onset and degree of
transparency loss were measured systematically across varying
BisEMA/UI composition ratios (Figure 4 right). Pure BiSEMA
exhibited a slight decrease in transparency compared to its ini-
tial liquid state, likely due to the formation of microgels with
refractive indices differing from the uncured resin [9]. Increased
opacity was evident in formulations with higher UT content in
the BiSEMA/UI copolymers. Specifically, formulations with a
50:50 ratio of BiSEMA to UI showed a 25% drop in transparency,
indicating pronounced phase separation (PhIPS). UI comprises
60% monofunctional IBOA as a reactive diluent. Despite the
initial compatibility, Ul components may experience reduced
compatibility as they participate in crosslinking reactions with
BisEMA, leading to altered supramolecular interactions.

3.2 | Polymerization Kinetics and Transparency
Monitoring

The final morphology of the polymerized systems is gov-
erned by the interplay between gelation (a kinetic process)
and photopolymerization-induced phase separation (PhIPS), a
thermodynamic process [22, 49]. Early gelation physically sta-
bilizes the system before the phase separation dynamics lead to
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the formation of fully distinct phases. This suppressive effect
contradicts the PhIPS tendency, as it limits the mobility of the
system and reduces the extent to which components can move
and separate further [50]. To evaluate the reactivities of such
multicomponent systems, NIR photorheology was employed to
measure gelation times. The time until gelation, also referred to
as gel point (tg) was determined by tracking the development of
storage and loss modulus curves during light exposure, identify-
ing the crossover of these curves throughout the curing reaction.
Results are shown in Figure S1.

The expected high reactivity of the formulation, however, led to
challenges in identifying precise differences due to insufficient
resolution in the region of interest (Figure S2). Figure 3 (right)
illustrates the observed gelation times, revealing slight differ-
ences in gel points for all BiSEMA/UI formulations, with values
ranging between 2.5 and 2.8s.

Notably, upon photopolymerization, pure BisEMA exhibits
more rapid crosslinking than its copolymers with UI, result-
ing in faster gelation (2.5-2.6). As the difunctional methacry-
late BisSEMA is replaced by increasing amounts of less reactive
Ul, a slight upward trend in tg (up to 2.8s) is observed. UI
contains the high molecular weight component UDA and a
high weight fraction of the monofunctional reactive diluent
IBOA, which both favor slower crosslinking. However, both
monomers contain the more reactive acrylate group, which,
in addition to the higher viscosity of UI compared to BiISEMA
(20Pa-s at 25°C vs. 810 mPas) can contribute to faster gelation.
Among these competing factors, the monofunctionality of
IBOA most likely has the greatest influence, as it leads to a
slower immobilization of the network during polymerization.
This effect shifts t, to higher values with increasing weight
fractions of UI [12, 51].

To elucidate the interplay between gelation and PhIPS, the
transparency of the resins during photopolymerization was
monitored. While the rapid nature of the crosslinking reac-
tion in multifunctional (meth)acrylates limits both the precise

determination of ty and the PhIPS onset, the developed setup
provides sufficiently accurate and consistent data to capture
the initial stages of phase separation. As shown in Figure 4
(right), the use of a contractual threshold suggests that PhIPS
starts within the first 2s prior to gelation in all BisSEMA/
UI systems, and even earlier in those containing higher UI
fractions. This suggests that delayed gelation is not the only
factor extending the duration of PhIPS; rather, such formu-
lations are also more prone to initiate phase separation ear-
lier. Representative transparency-time curves are provided
in Figure S3. Moreover, the partial recovery of transparency,
which sometimes occurs after the formulation loses substan-
tial transparency due to partial post-matching of phases, was
not detected in the measured formulations during the short
curing duration (6-7s) [9, 22].

Nonetheless, comparing the transparency-time curves with t
(Figure 4 right) reveals that the transparency loss due to PhIPS
onset consistently precedes gelation onset for all BiISEMA/UI
systems.

Additionally, the abundance of reactive sites in pure BISEMA
promotes the formation of more densely crosslinked networks,
as indicated by the higher storage modulus in Figure S1. In
these densely crosslinked networks, the molecular structure
is relatively irregular, containing a significant number of un-
reacted monomers trapped within the networks and unable
to participate in further crosslinking. In BisSEMA/UI copoly-
mers, the presence of reactive diluents and relatively flexible
urethane monomers influence crosslinking dynamics and fa-
cilitate double bond conversion. This explains the higher dou-
ble bond conversion observed in BisSEMA/UI compositions
(Figure S4).

Photo-differential scanning calorimetry (Photo-DSC) was
used as a complementary method to photorheology (Table S1).
The results support the trends observed via photorheol-
ogy. With a larger fraction of BisSEMA in the formulation,
rapid initial network formation is observed from a shorter
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time to reach the peak maximum and a higher peak value.
Along with a longer time to reach 95% conversion (t,;) due to
the immobilization of reactive groups, this confirms a rapid
and inhomogeneous network formation for higher ratios of
BisEMA. Calculated double bond conversions are less conclu-
sive for this method, likely due to the oligomeric nature of UI
and the associated inaccuracies in calculations based on the
manufacturer-given average molecular weight. Nevertheless,
a significant difference in reactive group conversion is seen
between formulations with lower UI content (76%-78% con-
version for 0%-20% UI) and the formulation with higher UI
content (82% conversion for 50% UI).

Overall, PhIPS in these systems is governed more by the dif-
ferences in the chemistries of the components than by kinet-
ics. To demonstrate this, a custom setup was constructed to
assess the onset of PhIPS and the ultimate transparency. The
results (Figure 4, right) indicated that PhIPS develops rap-
idly after exposure to the photosensitive formulation, within
1-2s, with shorter onset times for formulations with higher
UI fractions. Moreover, the tendency to form more distinct
phases and interphases, which contain balanced levels of all
components, increases, as evidenced by a significant drop in
transparency [52].

The observed trend toward PhIPS in BiSEMA/UI formulations
demonstrates that the collective differences in reactivity, polar-
ity, and molecular weight of the involved componets, commonly
referred to as solubility parameters, are substantial enough to
drive PhIPS [53].

3.3 | Dynamic Mechanical Analysis

Photoinitiated crosslinking of (meth)acrylates results in com-
plex molecular networks [54]. The irregularity of the result-
ing networks can be further characterized by examining the
viscoelastic behavior of the polymer, which is obtainable from
the DMA test [53]. In addition to the storage modulus, which
reflects the material's stiffness at different temperatures, the tan
d parameter, defined as the ratio of loss to storage modulus, pro-
vides valuable information about the molecular network's archi-
tecture, damping behavior, and glass transition. For a polymer
with a more uniform structure, the tan 6 peak is narrow and
well-defined, with a maximum associated with the glass tran-
sition temperature (Tg) [55]. Irregular networks, however, often
show broad tan & peaks [56]. The FWHM of such peaks is there-
fore agreed upon as a measure of the glass transition. Broadened
FWHMs indicate wide crosslinking densities or the presence
of different polymer phases in multicomponent systems [57].
Also, varying monomer ratios in multicomponent systems cause
a shift of the tan & toward each polymer's characteristic value,
which can be considered to address the overall crosslinking
qualities.

Figure 5 illustrates the tan & curves for pure BisSEMA, pure U,
as well as their mixed compositions. Pure BiSEMA shows a
broad glass transition range, with a maximum of around 120°C,
enabling this polymer to avoid thermal softening over a wide
temperature range. The storage modulus of IBOA remains high
and stable (more than 3GPa at 25°C), while the tan 6—which
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0.9

1E+3 5
0.8

§ 0.7
S 1E+2 5 BisEMA
E BisEMA/UI 90:10 0.6
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-] .
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s 3:5EMAIUI 50:50 04
QiEr0
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1E-2 4 — 0.0
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Temperature (°C)

FIGURE 5 | Storage modulus and tan & of BisSEMA/UI photopoly-
mers with different composition ratios. [Color figure can be viewed at
wileyonlinelibrary.com]

represents damping properties—remains low. Therefore, not
only at low temperatures but also at elevated temperatures does
the polymer deliver a brittle character. The UI, on the other
hand, shows distinct behavior for its components. UDA shows
a rubbery character, characterized by a small tan § peaking at
—18°C. IBOA can also be characterized by a relatively sharp
peak at 110°C, which is typical for many thermoplastics, know-
ing that it does not contribute to crosslinking reactions. The rel-
atively high tan 8 of IBOA as a brittle polymer, as well as the low
one of UDA, are related to their mutual interactions in UI. The
rubbery behavior of UDA at 110°C caused the polymer to show
high damping at high temperatures. Likewise, the low dampen-
ing of UT at —18°C is due to IBOA, being in its glassy state at that
temperature.

As the UI content increases, the fraction of IBOA in the sys-
tem increases, which shows good compatibility with BiSEMA
as indicated by a Hansen solubility distance of 2.8. IBOA can
therefore reduce the crosslink density of BiSEMA and contrib-
ute to network expansion. This reduction is evident in the tan
8 curve, where the peak corresponding to BiSEMA shifts to
lower temperatures. Despite this, the broad glass transitions
observed in these systems, particularly in copolymers con-
taining 10-30wt.% U1, ensure maintaining good resistance to
thermal softening, as demonstrated by the storage modulus
values (e.g., at 25°C). Nonetheless, the high compatibility be-
tween IBOA and BisEMA significantly reduces the mobility
of UDA and drives the system to undergo dual-like kinetics,
including the rapid polymerization of BiSEMA followed by
the slower, diffusion-limited polymerization of UDA. This
is further supported by photo-DSC results (Table S1), where
formulations with higher BisSEMA content show shorter times
to reach the peak maximum and higher peak intensities, in-
dicating rapid network formation. These are accompanied by
longer times to reach 95% conversion (t,5), which reflects the
diffusion-limited continuation of the reaction, likely involv-
ing UDA. The fast reaction of diluted BiSEMA largely restricts
UDA diffusion and imposes localized polymerization. This se-
quential polymerization behavior is further supported by the
broadened tan & transitions observed in the DMA results of
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FIGURE 6 | Fracture surface of BISEMA/UI photopolymers after tensile testing. [Color figure can be viewed at wileyonlinelibrary.com]

compositions with higher UDA content (Figure 5). The mor-
phologies of the resulting polymers will be discussed in the
following section.

3.4 | Scanning Electron Microscopy

The SEM images illustrate the transition from brittle to ductile
fracture across the polymer samples. As observed in Figure 6,
BisEMA showed a brittle fracture surface characterized by
brittle features such as cleavage planes and minimal plastic
deformation. Localized crazing is the primary mechanism
for energy dissipation, with no detected heterogeneity in the
microstructure.

The fracture surface remains smooth in the BiSEMA/UT 90:10
sample, showing minimal stretching. Moreover, the introduc-
tion of UI results in the blunt edges of the crazes (BisEMA/UI
80:20 and BisEMA/UI 70:30), indicating slight plastic deforma-
tion. The images also reveals heterogeneities, which are unaf-
fected regions by the applied stress at the fracture plane, in the
range of hundreds of nanometers.

The BisEMA/UI 80:20 sample shows a fracture that, while
still brittle-like, begins to exhibit slight ductile characteristics.
Pronounced microstructural heterogeneities are evident, yet the
overall matrix coherence remains unchanged. Notably, the het-
erogeneities were not significantly larger for formulations with
higher UT fractions. In contrast, the BiSEMA/UI 70:30 sample
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FIGURE 7 | AFM topography image of a 20X 20-um? region on the fracture surface of BiSEMA/UI copolymers. [Color figure can be viewed at

wileyonlinelibrary.com]

BisEMA
BisEMA/UI 90:10
400 BisEMA/UI 80:20
BisEMA/UI 70:30
BisEMA/UI 50:50

um
FIGURE 8 | The fracture profile along arbitrary lines of BiSEMA
and BisEMA/UI copolymers. The exact values of average roughness
and peak to valley over the entire scanned regions are presented in
Table 3. [Color figure can be viewed at wileyonlinelibrary.com]

shows a more noticeable formation of domains, visibly impact-
ing the polymer's appearance. This sample reveals deeper cavi-
ties and curved regions, suggesting a shear-yielding mechanism
rather than localized crazing [58].

The separated phase structure of sample BisEMA/UI 50:50
is characterized by a very rough microstructure, where

TABLE 3 | 2D surface parameters: average roughness (R,), peak-to-
valley roughness (va), and phase contrast (PC) of 20 um? of BisEMA/
UI copolymers at different composition ratios.

BisEMA/UI ratio R, (nm) va (nm) PC(®)
100:00 15 213 38
90:10 127 617 76
80:20 137 939 70
70:30 188 865 116
50:50 131 720 170

considerable heterogeneities appear within the matrix, making
their identification challenging. The presence of large inter-
faces between phases as well as extensive plastic deformation
contributes to the dissipation of applied stress. In such a phase-
separated structure, there is noticeable morphological contrast
and debonding at the interfaces, which distinguish the soft
phase from the rigid matrix.

3.5 | Atomic Force Microscopy
3.5.1 | Fracture Surface Analysis-Topography
Further analysis was conducted using the results from topo-

graphic results from AFM, performed in tapping mode over
a 20 um? area of the fractured surfaces. The findings reveal
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nanoscale surface roughness for all samples (Figure 7). This
level of roughness is indicative of brittle fracture behavior, par-
ticularly for the pure BisSEMA photopolymer, which shows the
least resistance to crack propagation, as evidenced by the frac-
ture progress trace lines (Figure 8).

The brittle fracture in this polymer is characterized by a smooth,
mirror-like surface without significant irregularities or promi-
nent features. However, the fracture surface of the BiSEMA/
UI copolymers exhibits evident alterations, marked by the
emergence of microductilities (Figure 7) and increased surface
roughness (Table 3). From a fracture mechanics perspective, the
high surface roughness expressed by the average roughness (R,)
and peak-to-valley roughness (va) can be attributed to loosely
crosslinked regions surrounding highly crosslinked domains.
These regions typically contain numerous weak points that are
preferred sites for crack initiation and propagation [59].

Accordingly, it can be inferred that the UI crosslinked network
is looser than the BisEMA network, likely due to the greater
molecular distance between the UDA oligomer's double bonds.
Therefore, the fracture propagates in a manner characterized by
undulating patterns. The high roughness observed in BisSEMA/
UI copolymers can also be attributed to the different shrinkage
behaviors of the respective phases [44, 60]. Compared to the Ul
phase, the BiISEMA phase contains a higher number of covalent
bonds per volume element, leading to more pronounced shrink-
age and contraction, which distinguishes it from the UT phase.

3.5.2 | Fracture Surface Analysis-Phase Imaging

Besides assessing the quality of crack propagation, scanning
a wide area of the fracture surface also facilitated the identifi-
cation of suitable regions for phase imaging without requiring
smoothing treatments, such as sample polishing or microtomy.
Phase imaging visualizes the partial interactions of the oscillat-
ing cantilever with the surface and provides insights into local
stiffness or rigidity contrasts across the sample. Compared to
hard regions that respond elastically to tapping forces, softer
areas dampen these forces, resulting in varying phase degrees—
lower phases correlating with harder areas and higher phases
with softer ones [22]. Subsequently, selected 2-um? areas from
the scanned regions were measured (Figure 9, statistical details
are provided in Table 3).

As illustrated for BiSEMA/UI copolymers in Figure 9, the phase
separation becomes more pronounced, and the phase contrast
becomes noticeable at higher UI/BisEMA ratios. The micro-
structure of BiSEMA consists of densely packed microgels with
an average size of 67nm and a regular arrangement. The slight
variations in domain size can be attributed to the distribution of
highly crosslinked centers surrounded by looser crosslinks [61].
The uniform arrangement of these microgels and their small size
also contribute to the transparency of BiSEMA at the macroscale
(Figure 4). Besides, BiSEMA's surface response to tapping forces
was similar, characterized by slight variations in the cantilever's
phase angle upon tapping the surface (Table 3 and the histo-
gram in Figure 9), suggesting uniform mechanical characteris-
tics at the microscale. The morphology of the BiISEMA/UI 90:10
formulation reveals larger domains, averaging approximately

200nm in size, which are more elongated compared to pure
BisEMA. Moreover, it exhibits partial embedment of the UI
phase within the BiSEMA matrix, evident as dark areas with
lower phase degrees. This observation is further confirmed by
the broader phase contrast observed in the corresponding his-
togram. The phase contrast, represented by the histogram ob-
tained from tapping mode phase imaging, reflects the extent of
dampening of tapping energy in localized areas on the surface,
suggesting a slight presence of the second phase in the BiSEMA/
UT 90:10 formulation. As mentioned previously, UI contains a
high molecular weight urethane acrylate oligomer. Even in low
amounts, urethanes effectively participate in the crosslinking of
BisEMA and promote the formation of larger microgels by en-
larging the network size [23, 62].

The morphology of the BiSEMA/UI 80:20 formulation does not
exhibit the consistent characteristics and microstructural integ-
rity previously identified in the pure BiSEMA and BiSEMA/UI
90:10 samples. Instead, it shows a more heterogeneous micro-
structure, with soft UI geometries within and between the rigid
BisEMA phases. Considering distinct regions separated by UI,
these domains possess sizes that can significantly alter the opti-
cal appearance of the material, especially at larger thicknesses.

At higher UI compositions (BiSEMA/UI 70:30 and 50:50), phase
separation (PhIPS) becomes more pronounced, as indicated by
the phase contrast. In the 50:50 formulation, the BiSEMA phase
exhibits the lowest structural integrity compared to the other
samples. The emergence of hard/soft interphases also becomes
evident in this sample, as illustrated in the histogram. The over-
all morphology becomes more heterogeneous in both soft and
hard phases, consistent with previous observations from DMA
results.

The observed evolution of PhIPS also provides a reasonable
explanation for the observed trends in turbidity (Figure 4 left).
Pure BisEMA is homogeneous and shows little phase contrast,
corresponding to high transparency. Slight replacement of
BisEMA with UI in BisSEMA/UI 90:10 and 80:20 formulations
introduces more variations in refractive index, thus leading to
higher turbidities. The higher fraction of UI in the BiSEMA/UI
70:30 and 50:50 formulations allows for substantial light scat-
tering as there are multiple clearly defined phases to reach the
highest turbidity. Given the interconnection of soft phases at
high UI content, it can be inferred that in addition to domain
size, the level of interconnectivity directly influences the degree
of light scattering.

3.5.3 | Cross-Sectional AFM Imaging-Polishing

To investigate the effect of the AFM tapping mechanism on
imaging the variations in mechanical properties, mirror polish-
ing and ultrasonication were performed on the fractured sur-
faces. Figure 10 presents the resulting set of images. Across all
BisEMA/UI compositions, the ratio of setpoint amplitude to free
oscillation amplitude (A/A,) was maintained close to unity. This
strict adherence to a balanced A/A ratio is crucial in effective
tapping to visualize surface rigidities. Additionally, amplitudes
above 30nm and low setpoint to amplitude ratios were selected
to optimize tapping conditions [63].
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FIGUREY9 | Tapping mode AFM representation of the evolution of PhIPS within the BisSEMA/UI copolymers. Each image has dimensions of 2 x 2
um?2. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE10 | Tapping mode phase imaging of the polished cross sections of BISEMA/UDA copolymers. Each image has dimensions of 2 x 2 um?2.
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE11 | Tapping mode phase imaging of the cross sections of BiSEMA/UI phase structures obtained after (cryo)ultramicrotomy: Each image
has dimensions of 2x 2 um?. [Color figure can be viewed at wileyonlinelibrary.com]
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As Figure 10 shows, pure BisSEMA is a monophasic structure
with several microvoids averaging approximately 80 nm in size.
In contrast, soft UI phases begin to appear in the BiSEMA/UI
90:10 formulations, resulting in the elimination of these micro-
voids. This phenomenon can be attributed to the dissipation of
shrinkage stresses associated with BiSEMA polymerization by
the presence of soft, droplet-like UI phase morphologies [44].
The development of soft phases with an increased fraction of
UI in formulations (from BisEMA/UI 80:20 to 50:50) results in
the formation of continuous soft phases. In the 50:50 formula-
tion, the soft phase predominates over the BISEMA phase, and a
significant interphase develops as a transition between the two
phases. The development of such interphases, which contain a
balanced composition of the components involved, can also be
tracked by examining the generated histogram.

Although tapping mode phase imaging is inherently qualitative,
the relative positioning and distribution of pixels in the phase
histogram can still reflect differences in local adhesion and stiff-
ness. For example, the phase contrast observed in pure BiSEMA
is relatively low (about 38°), whereas in BiSEMA/UI formula-
tions (e.g., 70:30) the contrast becomes significantly broader
(Figure S5). This substantial variation suggests significant dif-
ferences in mechanical properties, particularly rigidity, between
the soft UI phases and the hard BiSEMA phase. Notably, sorting
out the concerns regarding sample preparation, such as surface
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FIGURE12 | Mechanical behavior of BiSEMA/UI copolymers under
tensile test. [Color figure can be viewed at wileyonlinelibrary.com]

smoothing, and optimizing imaging settings, particularly the
A/A, values, provided evidence supporting the correlation of
higher phase values with the soft UI, and lower phase values
with the hard BisSEMA phases. The histograms presented illus-
trate this trend clearly: from (a) to (e), increasing UT content cor-
relates with a shift toward higher phase values in the right-side
regions (yellow domains).

3.5.4 | Cross-Sectional AFM Imaging-Ultramicrotomy

As mentioned above, reliable results in AFM require smooth
sample surfaces, which are particularly difficult to achieve
when working with heterogeneous polymers. Ultramicrotomy,
employed as a technique to achieve these smooth surfaces, effec-
tively addresses concerns about scratches and plastic deforma-
tions that can appear at small length scales after conventional
polishing and grinding techniques. The AFM image series of the
smooth cross sections achieved through microtomy is shown in
Figure 11.

The pure BisSEMA showed a uniform matrix with noticeable
internal defects that facilitated brittle fracture, despite the ho-
mogeneous morphology of the matrix itself. The distribution of
phase values throughout the surface indicated no significant
contrast in composition density. However, distinct striations
were observed, resulting from the ultramicrotome blade used in
sample preparation. From the 90:10 to the 50:50 sample onward,
the second phase gradually formed, as indicated by the peak on
the right side of the corresponding histograms. The difference
in phase degrees, which visualizes the cantilever's damping
at specific areas, revealed significant differences between the
soft, more adhesive phase (indicated by higher damping) and
the hard matrix. Moreover, although the morphology of both
phases can be slightly affected by the applied shear forces, this
technique produced consistently smooth surfaces, which facil-
itated a more accurate correlation between the phase degrees
and the material's rigidity, enhancing the reliability of the PhIPS
characterization.

Like the polished samples (Figure 10), the histogram analysis
of the ultramicrotome surfaces reveals that the soft UI phase
shows higher degrees than the hard BisSEMA matrix (Figure 11).
However, these findings differ from those observed on un-
treated fracture surfaces. This discrepancy may be due to the
qualitative nature of phase imaging and the requirement for dif-
ferent setpoint to amplitude (A/A,) ratios for each measurement,

TABLE 4 | Statistical results of thermomechanical tests on BiSEMA/UI photopolymers.

Elongation at Storage modulus Impact strength
BisEMA/UI ratio Strength (MPa) break (%) at 25°C (MPa) (kJmm™2)
100:0 67.9+3.3 49+£2.5 3090 6.6£0.8
90:10 69.7+1.7 7.7£0.9 2330 6.5+1.9
80:20 63.6x£2.5 7.6x1.2 2260 6.4+1.6
70:30 539+3.3 7.5+1.9 2320 7427
50:50 36.6x1.5 13.8%£2.6 1450 12.2+£0.9
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which can be affected by the varying surface qualities between
untreated and treated samples. The relationship between phase
contrast and local rigidity is influenced by factors such as surface
smoothness, the presence of residues, microvoids, and contam-
inants, as well as the effectiveness of the tapping force [63]. On
rough or adhesive surfaces, the interaction between the oscil-
lating tip and surface irregularities can cause misleading phase
lag fluctuations that do not accurately represent surface rigidity.
Therefore, quantitative AFM imaging methods are generally
more reliable for precise surface properties characterization.

3.6 | Mechanical Testing

To affirm the effect of the introduced microphase separation on
the mechanical performance, tensile and impact test results pro-
vide insights into the copolymers’ strength and deformation be-
havior at low and high strain rates (Figure 12, Table 4). The pure
BisEMA (BisEMA/UI 100:00) exhibited a tensile strength of ap-
proximately 70 MPa and an elongation at break of around 5%.
This high strength stems from the unique chemical structure of
BisEMA, which combines the rigidity of Bisphenol A with the
slight flexibility provided by repetitive ethoxylated groups. The
monomer's lack of voluminous side groups and relatively short
aliphatic chains connecting t Bisphenol A units contribute to
notable conformational flexibility and high crosslinking. The
high number of covalent bonds in the system increases strength;
however, increased crosslinking also reduces the network's flex-
ibility as a trade-off. Structural defects at the molecular scale
in this irregularly crosslinked polymer, along with processing-
related defects such as voids, scratches, and uneven surfaces,
contribute to its limited plastic deformation. Consequently, the
BisEMA photopolymer exhibits relatively low elongation at
break and impact resistance (Table 4).

The trends for microphase separation observed in turbidity
and AFM measurements are reflected in the mechanical per-
formance of the bulk photopolymers. Gradual replacement of
BisEMA with UT in the 90:10 and 80:20 formulations improved
the elongation at break without significantly affecting Young's
modulus, a measure of sample stiffness, and the ultimate ten-
sile strength remained comparable to that of pure BiSEMA, with
slight improvement in the 90:10 formulation.

Considering the long chain length of urethanes and their partial
crosslinking with BiSEMA, low-UI content (e.g., in the BiSEMA/
UI 90:10 and 80:20 formulations) contributes to more flexible
networks with reduced crosslink densities, without compromis-
ing mechanical strength. This is reflected in the observed elon-
gation improvements, likely due to the incorporation of flexible
urethane segments into the BisSEMA-rich phase, resulting in
decreased network rigidity. Such mechanical behavior provides
a favorable balance between flexibility and durability, which is
particularly beneficial for technical polymers; nevertheless, at
low-UT concentrations, impact resistance remains largely un-
changed, suggesting that despite network flexibility improve-
ments, additional energy dissipation mechanisms are required
to enhance fracture toughness. AFM results confirm this by
showing isolated soft domains in low-UT systems that improve
the material's performance under low strain rates but are less
effective in arresting crack propagation during rapid impact.

A moderate increase in impact resistance is delivered by 70:30
formulation, where domain interconnection takes place, while
a marked improvement is observed in the 50:50 formulation,
where continuous and well interconnected soft domains become
dominant and enable efficient energy dissipation, resulting in up
to a 280% increase in elongation at break.

The maximum impact resistance observed in BiSEMA/UI 50:50
formulation emphasizes the importance of achieving a promi-
nent level of PhIPS and interconnections of domains for enhanc-
ing impact resistance in such copolymers.

4 | Conclusion

This study provides a comprehensive characterization of
photopolymerization-induced phase separation (PhIPS) in
BisSEMA/UI (meth)acrylate-based photopolymer systems. Our
findings demonstrate that the incorporation of UI into BiSEMA
leads to pronounced phase separation, which significantly affects
the optical and mechanical properties of the resulting copolymers.

We monitored optical changes in photosensitive formulations
during photopolymerization using a custom optical setup.
Moreover, although SEM provided valuable insights into the frac-
ture surfaces, it was less effective at distinguishing between the
separated phases compared to AFM. The AFM analysis of both
fracture surfaces and cross sections showed that the anticipated
correlation between phase contrast and microstructure was more
dependable on treated surfaces, where smoothing techniques like
polishing and ultramicrotomy were employed. However, fracture
surfaces did not consistently exhibit a direct correlation.

Overall, this work offers valuable insights into the development
of PhIPS in (meth)acrylate photopolymers and highlights the
crucial role of accurate characterization. These findings en-
hance our understanding of the relationship between micro-
structure and bulk properties in photopolymer systems, thereby
advancing the development of more efficient photopolymeriza-
tion processes for engineering applications.
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